Dental trigeminal nerve fiber growth and patterning are strictly integrated with tooth morphogenesis, but it is still unknown, how these two developmental processes are coordinated. Here we show that targeted inactivation of the dental epithelium expressed Fgfr2b results in cessation of the mouse mandibular first molar development at the degenerated cap stage and the failure of the trigeminal molar nerve to establish the lingual branch at E13.5 stage while the buccal branch develops properly. This axon patterning defect correlates to the histological absence of the mesenchymal dental follicle and adjacent Semaphorin3A-free dental follicle target field as well as appearance of ectopic Sema3A expression domain in the lingual side of the epithelial bud. Although the mesenchymal ligands for Fgfr2b, Fgf3 and À10 were present in the Fgfr2b À/À dental mesenchyme, mutant dental epithelium showed dramatically reduced proliferation and the lack of Fgf3. Tgfb1, which controls Sema3A was absent from the Fgfr2b À/À tooth germ, and Sema3A was specifically downregulated in the dental mesenchyme at the bud and cap stage. In addition, the epithelial primary enamel knot signaling center although being molecularly present neither was histologically detectable nor expressed Bmp4 and Fgf3 as well as Fgf4, which is essential for tooth morphogenesis and stimulates mesenchymal Fgf3 and Tgfb1. Fgf4 beads rescued Tgfb1 in the Fgfr2b À/À dental mesenchyme explants and Tgfb1 induced de novo Sema3A expression in the dental mesenchyme. Collectively these results demonstrate that epithelial Fgfr2b controls tooth morphogenesis and dental axon patterning, and suggests that Fgfr2b, by mediating local epithelial-mesenchymal interactions, integrates these two distinct developmental processes during odontogenesis.
Introduction
To be able to serve their life long functions, the dental trigeminal nerve fibers have to navigate, establish their contacts, and survive at the mesenchymal target area of the developing tooth undergoing complex epithelial folding morphogenesis and cell differentiation. Thus, besides being a useful model in which to analyze the molecular mechanisms of organ formation (Miletich and Sharpe, 2003; Thesleff, 2006) , the developing tooth is an advantageous, well-defined model organ for analyzing local regulatory mechanisms of peripheral target organ innervation . Like many other organs, the teeth develop as a result of the reciprocal, inductive interactions between the ectodermal epithelium and neural crest derived ectomesenchyme (Lumsden, 1988; Mina and Kollar, 1987) . These interactions control tooth organogenesis from the very early stages including dental patterning, tooth initiation, morphogenesis and cell differentiation. signaling molecules, in particular belonging to the conserved Fgf (fibroblast growth factors), Bmp (bone morphogenetic proteins), hh (hedgehog), and Wnt families mediate tissue interactions and regulate spatio-temporal gene expression in the dental epithelium and mesenchyme (for a review see Miletich and Sharpe, 2003; Thesleff, 2006) . Many of the key signals are specifically expressed in the non-proliferating epithelial cell clusters namely the primary, secondary, and tertiary enamel knots (Pek, Sek, and Tek, respectively) , which appear to act as signaling centers regulating tooth morphogenesis and crown shape (Jernvall et al., 1994; Luukko et al., 2003; Thesleff and Jernvall, 1997) .
The development of the tooth sensory trigeminal innervation is tightly spatio-temporally coordinated with advancing tooth morphogenesis and cell differentiation (Hildebrand et al., 1995; Luukko et al., 2005) . In particular, in the mouse mandibular first molar the pioneer dental trigeminal axon navigation and patterning takes place by a well-defined, strictly spatio-temporally controlled manner Loes et al., 2002) . The first trigeminal axons reach the tooth target as a single molar nerve when the tooth germ is at the bud stage and divides into buccal and lingual branches Lumsden, 1982) . During subsequent morphogenesis at the cap and bell stages the nerve fibers continue to grow further around the tooth germ and create a nerve plexus beneath the tooth germ. Nerve fibers emerging from this plexus area penetrate the dental pulp only after the onset of crown mineralization by odonto-and ameloblasts postnatally (Mohamed and Atkinson, 1983) . As the roots develop the nerve fibers located in the dental follicle contribute to the innervation of the periodontium, which attach the roots to the alveolar bone. Similarly, the development of sympathetic innervation commences postnatally after the formation of the pulp floor (Fristad et al., 1994) . Because novel trigeminal neuronal cells do not develop in the mouse trigeminal ganglion after E13, proper nerve fiber navigation and their survival in the mesenchymal target areas are essential for the final adult tooth innervation .
The regulation of the development of tooth nerve supply at molecular level is beginning to be elucidated. The expression of several neuroregulatory molecules and their putative functions have been analyzed during tooth innervation development (Fried et al., 2000; Luukko et al., 2005) . These studies have provided increasing body of evidence that tooth innervation development is regulated by coordinated, redundant activity of members of different families of neuroregulatory molecules (Fried et al., 2000; Luukko et al., 2005) . Furthermore, experimental studies have shown that the developing tooth germ possesses the ability and information, which appear to persist in adult tooth, to control the establishment and regeneration of its sensory innervation (Erdelyi et al., 1987; Kettunen et al., 2005) . These ''neurogenic'' instructions appear to reside in the early dental epithelium and are mediated to adjacent mesenchyme by local epithelial-mesenchymal interactions as shown for the regulation of the secreted chemorepellant Semaphorin 3A (Sema3A), which regulates timing and patterning of tooth innervation . The expression of Sema3A in the dental mesenchyme is controlled by the dental epithelium derived Wnt4 and Tgfb1. Moreover, because they are part of the signaling networks regulating tooth formation, tissue interactions have therefore been proposed to provide the central mechanism of spatiotemporally orchestrating tooth formation, dental axon navigation and patterning . However, because Wnt4 and Tgfb1 are not essential for tooth formation (D'Souza et al., 1998; Stark et al., 1994 ) the key question, which factor(s) is (are) responsible for coordinating tooth morphogenesis and development of the dental sensory nerve supply has remained unsolved. In addition, it has not been demonstrated that tissue interactions, which regulate tooth innervation, are reciprocal.
In search of a molecule(s), which could control both tooth innervation and formation, we investigated the possible role of Fgfr2b, which is expressed in the dental epithelium during tooth formation . Fgf signaling serves multiple essential functions during embryo development such as in patterning, organogenesis and axon guidance (Bovolenta, 2005; Ornitz and Itoh, 2001) . Although Fgf signaling is not known to regulate tooth innervation , tooth morphogenesis have been reported, albeit not studied in detail, not to proceed beyond the bud stage in the Fgfr2b null mice (De Moerlooze et al., 2000) . Because this cessation appears to take place around the time period when the pioneer dental trigeminal nerve fibers approach and start to innervate the mandibular first molar, and because axon guidance and patterning are strictly linked with advancing tooth formation, this led us to investigate if the cessation of Fgfr2b À/À molar morphogenesis might have resulted in defects in tooth innervation as well. Here we provide evidence that epithelial Fgfr2b by mediating local epithelial-mesenchymal interactions and thereby controlling tooth morphogenesis and trigeminal nerve fiber navigation coordinates tooth formation and dental sensory axon patterning.
Results

Fgfr2b
À/À molar development does not progress properly beyond the early bud stage and it shows defected axon patterning Although we observed that proper development of all teeth failed in Fgfr2b À/À embryos, the growth and the patterning of the pioneer trigeminal axons and the local molecular epithelial-mesenchymal signaling regulating these processes have only been addressed in the mandibular first molar . Moreover, because experimental analysis deciphering signaling networks that regulate tooth formation have been mostly performed in the mandibular first molar, we therefore focused on this tooth germ in the current study. The development of the Fgfr2b À/À teeth has been proposed not to proceed beyond the bud stage (De Moerlooze et al., 2000) but the phenotype has not been analyzed in detail. We therefore investigated the histological development and localization of nerve fibers in the tooth germ from initiation at E11.5 until one day before birth at E18.5 using peripherin antibody, which is a commonly used marker molecule for the localization of nerve fibers in the embryonic tooth Loes et al., 2002; Luukko, 1997; Pomp et al., 2005; Troy et al., 1990) .
As reported earlier Fgfr2b null mice were slightly smaller than the wild-type littermates and die at birth due to lung agenesis (De Moerlooze et al., 2000) . At the histological initiation of tooth formation at E11.5, no apparent disturbances in the development of the tooth germ or in the trigeminal axon projections in the maxillary and mandibular processes between the wild-type and Fgfr2b
À/À molars were observed ( Fig. 1A1-B2 ). At the early bud stage, although the dental epithelium was less developed and smaller in size in the E12.5 Fgfr2b À/À tooth as compared to wild-type one, the dental mesenchyme showed apparently normal condensation. The pioneer dental axons had emerged from the inferior alveolar nerve and were heading normally towards the tooth germ as a single molar nerve ( Fig. 1C1-D2 ). One day later the wild-type tooth had a typical ''bud'' shape while the Fgfr2b À/À epithelial bud was less developed and at E14 -it had 35% of the volume of the wild type epithelium as analyzed from the 3D reconstructions ( Fig. 1E1-F2 , M and O). The mesenchymal condensation of the wild-type tooth showed two typical compartments; the non-orientated inner cells were surrounded by the tangentially oriented outer cells marking the onset of the dental follicle formation. In contrast, no such mesenchymal organization was observed in the Fgfr2b À/À tooth. In the wild-type tooth, the molar nerve had diverged into distinct buccal and lingual branches below the condensed dental mesenchyme (Fig. 1E1 ). Of note, while the buccal branch had developed normally in the Fgfr2b À/À tooth, no lingual branch was seen (Fig. 1F1 ), indicating that proper nerve axon defasciculation had not taken place in this second choice point, which determines dental follicle target field innervation and the initial axonal patterning .
At E14 and E16.5 the wild-type enamel organ had reached the cap-and bell-stage, respectively (Fig. 1G1 , G2, I1, I2 and not shown). The mesenchymal dental papilla and follicle were distinctly present. In addition, the dental follicle target field with lower cell-density was evident between the dental follicle, non-dental jaw tissue and the developing alveolar bone and the dental nerve fibers were located in this target area. Thin nerve fibers were seen beneath the base of the dental papilla in both buccal and lingual side of the tooth germ. At E15.5 (late cap) (Fig. 1I1 ) and E16 (early bell) (not shown) increasing number of nerve fibers were seen in the dental follicle target area in particular under the base of the dental papilla marking the formation of the nerve plexus.
Although the Fgfr2b À/À enamel organ was smaller in size as compared to the corresponding wild-type tooth at E14 the mutant epithelium had gained a shape, which resembled a simple cap. However, it had failed to grow and organize properly as observed by the apparent histological lack of the stratum intermedium cell layer, distinct primary and secondary enamel knots at this and later embryonic stages. Similarly, the condensed dental mesenchyme did not organize histologically properly as demonstrated by the absence of typically oriented dental follicle cells from the outer margin of the condensate. Moreover, the adjacent mesenchymal target field area with lower cell density was absent in particular at E15.5 and later ages. At E14 the single molar nerve was seen heading to the vestibular sulcus area under the tooth germ. Although we observed some nerve arborizations under the dental mesenchyme, the lingual branch of the molar nerve was absent at this or later stages ( Fig. 1H1 and J1 ).
At E18.5 the wild-type tooth had reached the bell stage and preodontoblasts were present in cuspal areas of the dental papilla mesenchyme adjacent to the inner dental epithelium (Fig. 1N ). Increasing number of nerve fibers was present in the dental follicle target field. In contrast, the Fgfr2b À/À dental epithelium resembled a small, disturbed cap-stage molar. No typical dental mesenchymal cell condensation, preodontoblasts, dental follicle or nerve fibers around the tooth germ were observed (Fig. 1P) . Thus, these results indicate that epithelial Fgfr2b is not required for the initiation of tooth formation, establishment of the molar nerve or the timing of tooth innervation. However, Fgfr2b signaling is essential for proper morphogenesis and cell differentiation of the dental epithelium and mesenchyme as well as patterning of dental trigeminal nerve fibers within the tooth target field.
Responses of trigeminal ganglion neurites to targetderived neurotrophic factors are not altered in Fgfr2b
À/À embryos Ngf-related neurotrophic factors (neurotrophins) and members of the glial cell line-derived neurotrophic factor (Gdnf) families have been implicated in regulation of dental axon growth and target field innervation (Fried et al., 2000; Luukko et al., 2005) . To exclude that the observed patterning defects in Fgfr2b À/À molar are not due to the inability of the dental trigeminal nerve fibers to grow and respond to target field derived neurotrophins, we studied mRNA expression of their tyrosine kinase trkA, trkB, trkC and low-affinity neurotrophin receptors (Reichardt, 2006) in the trigeminal ganglia. In addition, we studied the expression of transmembrane receptor tyrosine kinase Ret as well as GPI-anchored ligand binding Gdnf family receptor, Gfra1 and Gfra2, which form signaling complexes mediating Gdnf and Neurturin (Ntn) signaling, respectively (Airaksinen and Saarma, 2002) . In situ hybrid- +/+ (A1, C1, E1, G1, I1 and N) and Fgfr2b À/À (B1, D1, F1, H1, J2 and P) embryonic mandibular first molar tooth germ at the epithelial thickening (E11.5) (A1-B2), early bud (E12.5) (C1-D2), bud (E13.5) (E1-F2), cap (E14) (G1-H2), late cap (E15.5) (I1-J2) and bell stage (N and P). Nerve fibers (arrows) were localized using peripherin antibodies. Arrows in C1 and D1 indicate the growing molar nerve. Sema3A is abnormally absent from the inner part of the Fgfr2b À/À dental mesenchymes at E13.5 and E14 (asterisks in F2 and H2). Sema3A-free mesenchymal axon pathways (in A2 and B2) and dental follicle target areas (in C2, D2, E2, F2, G2 and H2) are indicated by arrowheads. Localization of BrdU-and Tunel-positive cells in the E13 wild-type and Fgfr2b À/À tooth germs (K1-L2). Three-dimensional reconstruction of the E13 wild-type and Fgfr2b À/À first molar tooth germ shown from below (M and O). Arrow in higher magnification image in F1 indicates the site of the primary enamel knot. Abbreviations: cm, condensed dental mesenchyme; de, dental epithelium; dp, dental papilla mesenchyme; df, dental follicle; Mc, Meckeĺs cartilage; tn, trigeminal nerve. Scale bars: 100 lm L1 applies to A1-I2 and K1-L2; 100 lm in J2, M and N. ization analysis showed that the genes were apparently normally expressed in the Fgfr2b À/À ganglia at E12 and E13 when the growing pioneer dental axons are reaching the tooth target ( Fig. 2A1-C2 and not shown). Moreover, immunohistochemical analysis showed that E13 trigeminal ganglion and dental nerve fibers expressed Lanr as shown earlier (Luukko et al., 1996) (Fig. 3I1 and I2 ). In addition, Neuropilin1 and PlexinA4, which are receptor components of Sema3A, were present in the Fgfr2b À/À ganglia ( Fig. 2D1-E2 ). Furthermore, wild-type and Fgfr2b À/À E12 and E13 trigeminal ganglia showed typical neuritogenic responses in the presence of exogenous NGF, BDNF, NT3, NT4, GDNF and NTN (5-25 ng/ml) in culture as reported earlier (Luukko et al., 1997a (Luukko et al., ,b, 1998 (Fig. 2F1-K2 ). Moreover, in situ hybridization confirmed that Fgfr2b was absent from the E11.5-E14.4 wild-type and Fgfr2b À/À Fig. 2 . trkA, ret, Gfra1, Npn1 and PlexinA4 show similar expression in wild-type and null mutant ganglia (A1-E2). Stimulation of trigeminal neurite outgrowth by exogenous neurotrophic factors (F1-L2). Wild-type (+/+) and Fgfr2b À/À (À/À) trigeminal ganglia were cultured in the presence of NGF, BDNF, NT3, NT4, GDNF and NTN (10 ng/ll) for 48 h. No differences in the neuritogenic response between the Fgfr2b +/+ and Fgfr2b À/À ganglia are observed. No neurite outgrowth is seen in the control explant cultured in the absence of exogenous growth factors. Scale bars: 100 lm in B2 applies to A1-B2; 100 lm in C2 applies to C1 and C2; 100 lm in E2 applies to D1-E2, 500 lm in L1 applies to F1,G1-L1; 500 lm in F2; 500 lm in L2.
ganglia that is in agreement with earlier report (Cox et al., 2006) (not shown). Thus, these results suggest that dental trigeminal axons responded properly to the target fieldderived neurotrophic factors and that the observed innervation defects are due to failure in the local regulation of the axon guidance molecules in the dental target field. This conclusion is supported by our immunohistochemical observation that the initial establishment and growth of the molar nerve took place normally and no defects in establishment of other trigeminal axon trajectories in the mandibular process were observed.
Expression of Ngf, Gdnf, Ncam, Lanr and Sema7A in the Fgfr2b
À/À tooth germ
To study whether disturbed local regulation of the expression of the dental axon growth controlling molecules may underlie the impaired axon patterning, we analyzed the expression of Ngf, Gdnf, Ncam and Lanr in wild type and Fgfr2b
À/À tooth. Ngf and Gdnf are proposed to regulate dental follicle target field innervation as well as promote their arborization and subsequent formation of the nerve plexus under the dental papilla (Luukko et al., 1997a,b; Matsuo et al., 2001; Nosrat et al., 1998; Qian and Naftel, 1996) . Neural cell adhesion molecule (Ncam) and low-affinity neurotrophin receptor (Lanr), which may sequester neurotrophins including Ngf and is additionally a marker for preodontoblast cell lineage, may contribute to the innervation of the dental follicle target field (Luukko et al., 1996; Obara and Takeda, 1993) . Sema7A controls nerve supply of the dentin-odontoblast target area (Maurin et al., 2005) . Because Sema7A is upregulated in the condensed dental mesenchyme at the bud stage, it is a useful marker gene for the odontoblast cell lineage and dentinodontoblast target-field (Kettunen et al., 2007) .
Ngf and Gdnf showed largely similar expression around the E13.5 wild-type and Fgfr2b À/À molars ( Fig. 3A1-B2 ). Ncam was expressed in the presumptive dental follicle target field including the lingual side at E13 ( Fig. 3C1 and C2 ) and E15.5 (not shown), whereas Sema7A was absent from the mutant tooth at these stages ( Fig. 3D1 and D2 and not shown). Lanr was downregulated at the lingual side of the E13.5 Fgfr2b À/À tooth germ ( Fig. 3E1 and E2 ). These results indicate that albeit the dental follicle target field failed histologically to develop properly, it appeared largely normal at the molecular level as concluded by the expression of Ngf, Gdnf and Ncam. In contrast, the development of the dental dentin-odontoblast target-field area failed as demonstrated by the lack of Sema7A and preodontoblasts in the dental mesenchyme. These data also indicate that Ngf, Gdnf and Ncam are not regulated by Fgfr2b signaling and that they apparently acted normally to promote dental target field innervation. Our findings also indicate that although the genes were expressed around the Fgfr2b À/À molar, dental nerve fibers did not penetrate to the lingual side of the tooth. This prompted us to study if this patterning defect might be caused by the abnormal expression domains of axon repellant(s) in this side of the tooth germ. +/+ (A1-E1) and Fgfr2b À/À (A2-E2) mandibular first molar analyzed by in situ hybridization (A1-D2) and immunohistochemistry (E1 and E2). Dental epithelium is outlined in E1 and E2. Arrows in E1 and E2 indicate Lanr expression in the dental target field. Scale bar 100 lm applies to all.
Defects in dental axon patterning correlate with disturbed Sema3A expression domains
Sema3A, which is a secreted axon repellant molecule, shows distinct, dynamic expression in the developing tooth and is, so far, the only molecule shown to control dental axon navigation and patterning Loes et al., 2001) . During tooth formation Sema3A forms spatio-temporally regulated exclusion areas around the mesenchymal axon pathway and dental follicle target field and thereby controls dental nerve fiber navigation and patterning . Because axon defasciculation and patterning defects in Fgfr2b À/À tooth showed clear correlation with the functions of Sema3A, we therefore compared its mRNA expression domains with the localization of nerve fibers in the wild-type and Fgfr2b À/À molars during E11.5-E15.5 i.e. when the embryonic tooth innervation pattern becomes established. At E11.5 and E12.5 when no defects in formation of the molar nerve or timing of tooth innervation were seen, Sema3A was largely normally expressed in the mesenchyme beneath the Fgfr2b À/À dental epithelium ( Fig. 1A1-D2 ). At E12.5 the Sema3A expression domains outlined the mesenchymal pathways where the molar nerve was localized in the Fgfr2b +/+ and Fgfr2b À/À molars ( Fig. 1C1-D2 ). At the onset of tooth specific morphogenesis at E13.5 bud stage, abnormalities in the mesenchymal Sema3A expression domains were evident in the Fgfr2b À/À tooth (for E13.5 compare Fig. 1E1-F2 ). In the wild-type tooth Sema3A was expressed in the condensed dental mesenchyme including the outer, tangentially oriented cells which later forms the dental follicle. In contrast, in the Fgfr2b À/À molar Sema3A was absent from the dental mesenchyme beneath the dental epithelium but ectopically present in the lingual side of the tooth germ next to the dental epithelium covering the putative target field area in this side of the tooth. This ectopic Sema3A expression domain correlated to the absence of nerve fibers from the lingual at this and in later stages (Fig. 1F1, H1 and J1 ). In the deeper jaw mesenchyme there was a Sema3A-free invagination area between the trigeminal nerve trunk and tooth germ where the molar nerve was apparently localized. In the early cap stage Fgfr2b +/+ tooth germ (E14), Sema3A was clearly expressed in the dental papilla and the dental follicle target area and nerve fibers were located between the Sema3A expressing dental follicle and forming alveolar bone ( Fig. 1G1 and G2 ). In contrast, the E14 Fgfr2b À/À dental mesenchyme showed no specific expression of Sema3A while the adjacent mesenchyme at the both sides showed transcripts ( Fig. 1H1 and H2 ). Between the dental mesenchyme and the upper border of the developing mandibular bone, there was a Sema3A-free mesenchymal channel leading to the buccal side of the tooth germ. This channel most likely enclosed the molar nerve heading towards the vestibular sulcus area. At the late cap and early bell stage (E15-E16) Sema3A expression was mostly downregulated from the dental papilla of the Fgfr2b +/+ tooth germ (Fig. 1I2 ).
In addition, the dental follicle target field where the nerve fibers were located was devoid of Sema3A. In contrast, no typical Sema3A-free target field area was present around the Fgfr2b À/À tooth, but the mesenchymal Sema3A free channel in the buccal side of the tooth germ persisted at this stage (see arrows and arrowheads in Fig. 1J1 and J2). The molar nerve appeared to be localized exactly in this area. Based on this data and the essential functions of Sema3A in dental axon patterning we conclude that the impaired Sema3A regulation contributes significantly to the patterning defects in Fgfr2b À/À molar.
Fgfr2b
À/À molar shows reduced epithelial cell proliferation but not increased apoptosis Spatio-temporally controlled cell proliferation is essential for tooth morphogenesis. Our observation that the growth of the Fgfr2b À/À molar epithelium stopped at around E12.5 suggested that the mutant epithelium failed to respond to the mitogenic effects of its Fgf3 and Fgf10 ligands, which are largely expressed in the dental mesenchyme (Kettunen et al., 2000) . Fgf10, which is transiently expressed in the presumptive dental epithelium and mesenchyme at E10 and subsequently its expression becomes restricted to the dental mesenchyme stimulates epithelial, but not mesenchymal cell proliferation (Kettunen et al., 2000) . In addition, Fgf3 is expressed in the Pek and dental papilla mesenchyme of the cap stage tooth and has been proposed to serve similar mitogenic functions while Fgf7 is not present in the molar tooth germ (Kettunen et al., 2000) . BrdU incorporation analysis of the E13 Fgfr2b À/À bud stage tooth germ showed a marked reduction in number of dividing cells in the epithelium. Only few, if any proliferating cells were seen at the tip of the Fgfr2b À/À epithelium, which in contrast was a site of intense cell proliferation in the wild-type tooth ( Fig. 1K1 and K2) . No apparent differences in the proliferation of the wild-type or Fgfr2b
À/À dental mesenchyme were observed. Moreover, we did not observe any increased apoptosis in the Fgfr2b À/À dental epithelium or mesenchyme as compared to the wild type molar by Tunel staining (Fig. 1L1 and  L2 ). In addition, the mutant Fgfr2 À/À molar persisted in E18.5 embryos prior to birth as a tiny cap shape tooth germ (Fig. 1O ). Collectively these results suggest that the inability of the mutant dental epithelium to proliferate as a response to the mitogenic Fgf-signaling is the main reason for the defected Fgfr2b À/À tooth morphogenesis.
2.6. Fgf4 and Tgfb1 are absent from the Fgfr2b À/À molar tooth germ Fgfr2b mediates Fgf signaling in the dental epithelium while dental nerve fibers innervate exclusively mesenchymal target areas. Because disturbed mesenchymal expression domains of Sema3A are proposed to underlie the dental axon patterning defects and because its expression in the mesenchyme is regulated by the early dental epithe-lium, which also governs tooth formation, these results indicate that epithelial-mesenchymal signaling was abnormal in Fgfr2b À/À tooth. To investigate this we analyzed the expression of members of key signaling families, which have been implicated in epithelial-mesenchymal signaling.
Epithelial Fgfs have been shown to be essential for tooth initiation and morphogenesis. Fgf8, which is essential for the initiation of the molar tooth formation, was similarly expressed in the epithelium of the E11 wild-type and Fgfr2b À/À tooth molars ( Fig , 1999) . Mesenchymal Fgf10, and Runx2, which mediates epithelial Wnt/Lef/Fgf-signaling and is necessary for tooth morphogenesis (Aberg et al., 2004) , were present in the E13 wild-type and Fgfr2b À/À teeth (Fig. 4D1, D2 , E1 and E2). Pek expressed Fgf4 is a target for Wnt signaling and essential for tooth morphogenesis Kratochwil et al., 2002) . Of note, Fgf4 transcripts were absent from the Fgfr2b À/À molar at E13.5 ( Fig. 4B1  and B2 ). In addition, mesenchymal Fgf3, which is expressed in the Pek and dental mesenchyme of the wildtype tooth, was downregulated from the Pek in the E14 Fgfr2b À/À tooth germ ( Fig. 4C1 and C2) . Thus, Fgfr2b signaling is essential for the expression of Fgf3 and À4 in the Pek, but not for the Fgf3 expression in the dental mesenchyme.
Several Wnts and Wnt pathway components are expressed in the developing tooth germ and besides being essential for early odontogenesis (Jarvinen et al., 2006; Sarkar et al., 2000; van Genderen et al., 1994) , Wnt signaling controls tooth innervation . Wnt4, which induces Sema3A in the early dental mesenchyme , showed normal expression in the wild-type and Fgfr2b À/À oral and dental epithelia at E11 and E13 (Fig. 4F1 and F2 and not shown). In addition, expression of epithelial Wnt6 (not shown) and Wnt10a ( Fig. 4G1 and G2 ), which is expressed in the Pek as well as mesenchymal expression of Wnt5a (not shown), were similar in the bud stage wild-type and Fgfr2b À/À tooth germs (Dassule and McMahon, 1998; Sarkar and Sharpe, 1999) . Lef1 transcription factor, which mediates nuclear responses to canonical Wnt signals and Axin2, which is a negative regulator of canonical Wnt pathway are both necessary for tooth formation (Jho et al., 2002; Lammi et al., 2004; van Genderen et al., 1994) . mRNAs for both genes were present in the Pek and dental mesenchyme of the bud stage wild type and Fgfr2b À/À molars (Fig. 4H1 , H2, I1 and I2). mRNAs for Dkk1, which is expressed in the dental papilla mesenchyme at E14.5 and the ectopic expression of which in the oral epithelium results in cession of tooth development before the bud stage is absent from the mutant tooth ( Fig. 4J1 and J2) (Andl et al., 2002; Fjeld et al., 2005) . Taken together, these results suggest that although Wnt/b-catenin signaling appears to act normally its modulation might be altered in the Fgfr2b À/À tooth. Tgfb superfamily serves important functions in odontogenesis. Bmp signaling regulates tooth development (Andl et al., 2004; Plikus et al., 2005) , and as demonstrated for Bmp2 and -4, Bmp signaling mediates tissue interactions and regulates the expression of key transcription factors in the dental mesenchyme Neubuser et al., 1997; Tucker et al., 1998; Vainio et al., 1993) . While Bmp2 was similarly expressed in the dental epithelium of the wild-type and Fgfr2b À/À molar at the E12.5 early bud stage, Bmp4 was downregulated from the E14.5 cap stage knock-out molar (Fig. 4L1-M2 ). Of particular interest, mRNAs for Tgfb1, which stimulates Sema3A and cell proliferation in the dental mesenchyme , was specifically absent from the E14 Fgfr2b À/À tooth (Fig. 4K1,K2) . Expression of mesenchymal transcription factors Msx1 and Pax9, which are necessary for the bud to cap stage transition (Peters et al., 1998; Satokata and Maas, 1994) and regulated by the combinatorial activity of different signaling families in particular by Bmp and Fgf Tucker et al., 1998) . Msx1 and Pax9 (Fig. 4N1-O2 ) as well as Msx2, Barx1, tenascin and syndecan (not shown) were normally expressed in the E13.5 wildtype and Fgfr2b À/À molars. Of note, mRNAs for Shh, which regulates the site of tooth initiation and its morphogenesis (Cobourne et al., 2004; Dassule et al., 2000; Gritli-Linde et al., 2002) were present in the Pek of the E14 wild-type and Fgfr2b À/À molar ( Fig. 4P1 and P2 ).
Tgfb1 rescues Sema3A expression in the Fgfr2b
À/À dental mesenchyme
We have earlier shown that Sema3A expression in the dental mesenchyme is dependent on dental epithelium and that the dental epithelium expressed Wnt4 and Tgfb1 but not Fgf8, Fgf9, Fgf4, Shh, Bmp4 and Wnt6, stimulates Sema3A . The finding that Wnt4 and Sema3A expression in the E11.5-E12.5 Fgfr2b À/À molar was normal, suggested that Wnt4 signaling induces and controls Sema3A properly. In contrast, the lack of Tgfb1, which is first expressed in the tip of the dental epithelium of the late bud stage tooth germ and subsequently it is present in the dental epithelium and mesenchyme of the cap stage tooth germ (Vaahtokari et al., 1991) , suggested that its absence results in downregulation of Sema3A in the Fgfr2b À/À dental mesenchyme from the bud stage onwards. To study this we placed Tgfb1 soaked beads onto the dental mesenchyme of the E12.5-E13 wild-type and Fgfr2b À/À mandibular mesenchyme explants and cultured them for 24 h. Sectional in situ hybridization showed that Tgfb1 beads stimulated a prominent de novo Sema3A around the beads in both wild-type and Fgfr2b À/À explants ( Fig. 5A1 and A2 ). No induction of Sema3A was observed around the beads soaked in BSA (1 mg/ml) (not shown). These results suggest that lack of Tgfb1 signaling underlies the absence of Sema3A from the Fgfr2b À/À dental mesenchyme from the buds stage onwards.
Fgf4 induces de novo Tgfb1 but not Sema3A expression in the Fgfr2b
The finding that Fgf4, which has been shown earlier to induce Tgfb1 (Aberg et al., 2004) , was not present in the Fgfr2b À/À Pek led us to investigate whether its downregulation is responsible for the absence of Tgfb1 and subsequent failure of the molar tooth to maintain Sema3A in the Fgfr2b À/À dental mesenchyme. Fgf4 soaked beads were placed onto the molar area of the E12.5 mandibular mesenchyme explants. Sectional in situ hybridization showed that Fgf4 induced a prominent Tgfb1 but not Sema3A expression around the beads in the wild-type and Fgfr2b
À/À explants after 24 hours culture (Fig. 5B1-C2 ). No Sema3A was observed around the beads soaked in BSA (1 mg/ml) (not shown). Thus, these data propose that the absence of Fgf4/Tgfb1/Sema3A signaling may be responsible for the axon patterning defects in Fgfr2b
À/À tooth and may also contribute to the impaired dental cell proliferation in the Fgfr2b À/À molar.
Discussion
Fgfr2b
À/À signaling is essential for tooth morphogenesis and dental axon patterning
To be able to serve their life long functions and to be protected, the tooth receives dense nerve supply from the sensory trigeminal ganglion. Dental trigeminal axon growth and patterning are tightly linked with advancing tooth morphogenesis and cell differentiation. Here we show that inactivation of the dental epithelium expressed Fgfr2b results in abnormal patterning of the dental nerve fibers in the mandibular first molar tooth germ i.e. lack of nerve fibers in the lingual side of the tooth germ and the failure of the nerve fibers to establish the nerve plexus under the tooth germ. Furthermore, the proper morphogenesis of the tooth germ failed. Thus, these results demonstrate that epithelial Fgfr2b signaling is essential for both tooth formation and dental axon patterning.
À/À mandibular first molar reach defected cap stage
It has been reported earlier that the Fgfr2b
À/À teeth fail to progress beyond the bud stage (De Moerlooze et al., 2000) . However, our present detailed histological analysis demonstrated that although the size of the studied Fgfr2b À/À mandibular molar tooth was diminished as compared to wild-one tooth, the tooth germ reached cap stageresembling structure (see for instance Figs. 1H1, J1 and P). Furthermore, in situ hybridization showed that the mutant molar mesenchyme expressed Fgf3, which becomes upregulated only in the early cap stage (Kettunen et al., 2000) . Fgf10, which is not present in the bud stage tooth germ but show an intense expression at the cap stage (Kettunen et al., 2000) , was present in the mutant molar. In addition, Axin2, which becomes first expressed in the primary enamel knot of the late bud stage tooth germ, was expressed in the PEK. Moreover, Gdnf and Ncam, which were expressed in the putative mesenchymal target field area of the Fgfr2b À/À molar, are not expressed in this area before the late bud stage (Luukko et al., 1997b; Obara et al., 2002) . Based of these combined histological and molecular data we conclude that the development of the Fgfr2b À/À molar proceeded, though showing morphological abnormalities, beyond the bud stage that, of particular importance, is after the formation of the Pek signaling center, the early mesenchymal dental follicle target field and the establishment of lingual branch of the trigeminal molar nerve at the second choice point. The formation of these structures is necessary for the tooth morphogenesis and patterning of the tooth trigeminal innervation .
Defects in Sema3A expression domains are proposed to underlie axon-patterning defects in Fgfr2b
À/À molars Immunohistological analysis showed that the establishment of the molar nerve or timing of tooth innervation was not disturbed in the Fgfr2b À/À molars. Furthermore, Fgfr2b mRNAs were not present in the trigeminal ganglion and we did not observe any apparent changes in the expression of receptors for neurotrophic factors or Semaphorins. Moreover, no disturbances in the neuritogenic responses of the trigeminal ganglion were observed in vitro. Collectively these results indicate that the dental axon patterning defects are most likely not due to the inability of trigeminal neurites to grow and respond to local signaling from the environment through which they navigate. Because the axon patterning defects in the Fgfr2b À/À molar were apparent when the dental nerve fibers had reached the tooth target, this suggests that the failure in the local spatio-temporal regulation of the dental axon growth underlies the observed abnormalities. Indeed, we found that the mesenchymal dental follicle target field did not develop properly histologically and it also showed abnormalities at the molecular level in Fgfr2b À/À embryos. In particular, Sema3A, a secreted chemorepellant, which is essential for the dental axon navigation and patterning , was downregulated in the E13.5 dental mesenchyme under the epithelium. Moreover, the normally existing Sema3A-free dental follicle target field area was replaced by the ectopic Sema3A expression domain in Fgfr2b À/À molar at the lingual side of the epithe- Fig. 5 . Induction of Sema3A and Tgfb1 by Tgfb1 and Fgf4 soaked beads in the E12.5 wild-type (A1-C1) and Fgfr2b À/À (A2-C2) dental mesenchymes analyzed by in situ hybridization. The mutant dental mesenchyme does not express Tgfb1 in vivo. Tgfb1 induces Sema3A expression, while Fgf4 induces Tgfb1, but not Sema3A. Some endogenous mesenchymal expression of Sema3A is seen around the Fgf4 releasing beads. Scale bar 100 lm.
lial bud. This abnormal, ectopic Sema3A expression domain showed apparent correlation to the major innervation defects in the mutant molar namely the failure of the lingual branch of the molar nerve to develop and the absence of the dental nerve plexus under the dental mesenchyme. Because Sema3A is essential for dental axon patterning and fasciculation , this suggest that, albeit there are certainly many essential axon guidance molecules yet to be revealed in the developing tooth, the abnormal repellant influence created by the disturbed Sema3A expression domains in particular between the key E13-E13.5 stages, prevents the formation of the lingual branch of the molar nerve at this second choice point and subsequent innervation of this lingual side of the tooth germ. We propose this to serve the key causative role in the observed patterning defect (see Figs. 1E2 and F2 and the model in Fig. 6 ). The abnormal expression domains of Sema3A are also suggested to contribute to the failure of the dental nerve fibers to arborize and establish the nerve plexus under the dental mesenchyme during later stages.
Of note, despite of the lack of proper mesenchymal dental follicle target field in the Fgfr2b À/À tooth, the target field appeared to persist at some extent at the molecular level as observed by the expression of the Ngf, Gdnf and Ncam marker genes. The localization of the molar nerve in the target field area under and in the buccal side of the Fgfr2b À/À molar, and the normal response of the trigeminal ganglion neurites to exogenous neurotrophic factors suggest that Ngf, Gdnf and Ncam promoted Fgfr2b À/À tooth innervation although they were not able to compensate the abnormal repulsive influence from the lingual side and rescue the axonal patterning. Collectively these data provide further support for the model that dental axon growth and establishment of tooth nerve supply involves redundant, independent and coordinated signaling of neuroregulatory genes of different families and that the local regulation of their spatio-temporal expression domains is essential for proper development of the tooth nerve supply . Moreover, that the Sema3A expression domains in the developing Fgfr2b À/À mandibular mesenchyme were largely not affected indicates that the Sema3A expression in developing tooth mesenchymal target area is differentially regulated. This provides further support for the finding that the establishment of the tooth specific trigeminal nerve supply, which differs from that of other organs and tissues, is a result of local tooth specific molecular regulation in the tooth organ itself .
Fgfr2b
À/À molar shows defects in mesenchymalepithelial signaling and controls the function of the enamel knot signaling center
The defected epithelial morphogenesis of the Fgfr2b À/À molar correlated with the expression of Fgf10 before the bud stage and its known ability to stimulate proliferation of the dental epithelial cells (Kettunen et al., 2000) . This À/À mandibular first molar during the E12.5 early bud (A1 and A2) and E13.5 bud stage (B1 and B2). Wild-type (A1 and B1) and Fgfr2b À/À (A2 and B2) tooth germs. (A1 and A2) The trigeminal molar nerve emerges from the inferior alveolar nerve, follows the mesenchymal axon pathways (which express NGF) and reaches the developing tooth target area under the condensing dental mesenchyme (indicated by broken line) normally at the early bud stage in both wildtype and mutant embryos. Epithelial signaling mediated by Wnt4 induces Sema3A expression in the dental and jaw mesenchyme, and this leads to the establishment of the Sema3A expressing restriction areas (red color). (B1) One day later at E13.5, the wild-type molar nerve has passed the base of the dental mesenchyme and grows buccally. The Sema3A expressing dental mesenchyme has divided into the condensed dental mesenchyme and the surrounding developing dental follicle. Instead of Wnt4, Sema3A expression in the dental mesenchyme is now controlled by epithelial Tgfb1, which is expressed in the dental epithelium at this stage. Some dental axons, which have followed the preexisting molar nerve, have defasciculated, turned lingually and established the lingual branch of the molar nerve at this second choice point (marked with 2) . The lingual nerve branch is located in the Sema3A-free mesenchymal dental follicle target field area next to the dental follicle. (B2) In contrast, in the Fgfr2b À/À molar, the dental epithelium has not proliferated properly. Tgfb1 is not present in the dental epithelium. Because epithelial Wnt4, albeit present, does not control Sema3A expression any longer, the lack of Tgfb1 has lead to the downregulation of the Sema3A in the dental mesenchyme. Of particular importance, the dental follicle mesenchyme and Sema3A-free dental follicle target field have failed to developed that has led to their replacement by the ectopic Sema3A expression domain from the lingual side of the tooth germ (asterisk in B2) (compare also Fig. 1E1-F2 ). This abnormal, ectopic Sema3A restriction area has prevented the establishment of the lingual branch of the molar nerve at the second choice point and lead to the patterning defect at this and later stages. The results from the Fgfr2b À/À molar also show that the establishment of the molar nerve or the timing of tooth innervation is not dependent on Fgfr2b signaling. In addition, the growth and navigation of the buccal branch of the molar nerve is not dependent on the proper formation of the dental follicle. Abbreviations: de, dental epithelium; dm, dental mesenchyme. Trigeminal dental nerve fibers are indicated in green. The mesenchymal axon pathway and early dental follicle target field area are indicated in yellow/orange.
suggests that the impaired morphogenesis of the Fgfr2b À/À epithelium is mostly due to its inability to respond to mitogenic mesenchymal Fgf10 signaling. Indeed, Fgf10 has been suggested to be a major ligand for Fgfr2b in other organ systems (Ohuchi et al., 2000) . That the Fgf10 À/À molar reaches the bell stage showing only minor defects in cusp morphology (Harada et al., 2002) and that Fgf3 knock-out molars are normal (Aberg et al., 2004) , indicates that defected signaling of Fgf3, mRNAs of which are expressed in the tooth only from the cap stage onwards (Kettunen et al., 2000) also contributes to the cessation of the Fgfr2b À/À molar development. Moreover, because the initiation of the Fgfr2b À/À molar was not affected, this suggest the absence of Fgfr2b signaling might be compensated by the other Fgf receptors or their ligands such as Fgf8, which is essential for the initiation of the lower molar formation (Kettunen et al., , 2000 Trumpp et al., 1999) .
The Pek signaling center is a characterized feature of the bud and cap stage dental epithelium and apparently a critical regulator of tooth epithelial morphogenesis. We observed that the Fgfr2b À/À Pek failed to develop histogically and did not express Fgf4 or Bmp4, which are proposed to be essential for its function (Jernvall et al., 1998; Kratochwil et al., 2002) . In addition, Fgf3 and Tgfb1 were absent from the Pek and adjacent epithelium, respectively. These results indicate that Fgfr2b, apparently as a response to the mesenchymal Fgf signaling, mediates instructive information to the dental epithelium and controls its histological organization, gene expression and the signaling properties of the Pek. Of note, analysis of the Lef À/À molar has indicated that Fgf4 and Shh expression in the Pek is dependent on mesenchymal Fgf signaling which is in turn under the control of the canonical Wnt signaling (Kratochwil et al., 2002) . However, we found that all studied Wnts, namely Wnt4, À5, À6 and À10a, showed similar expression in wild-type and Fgfr2b À/À tooth germs. Moreover, Lef1 as well as Axin2, which is induced by active Wnt/ß-catenin/ Tcf signaling (Jho et al., 2002) , were present in the Fgfr2b À/À Pek. Fgf3, which is target gene for this pathway, was also normally present in the dental mesenchyme. These results show that the absence of Fgf3 and Fgf4 from the Fgfr2b À/À Pek is most likely not due to Lef1 mediated Wnt signaling. Thus, epithelial Fgfr2b signaling, apparently independent of canonical Wnt pathway, is essential for the Fgf3 and À4 expression in the Pek. Furthermore, our data show that Fgf3, À4 or Bmp4 signaling is not required for Shh expression in the Fgfr2b À/À Pek as it is the case in the Lef À/À and Msx1 À/À molars (Kratochwil et al., 2002; Zhang et al., 2000) .
3.5. Impaired signaling from the dental epithelium to the mesenchyme in Fgfr2b À/À tooth Experimental analysis and genetic data have shown that the early dental epithelium instructs tooth formation until the bud stage and that epithelial signaling regulates tooth morphogenesis, odontoblast differentiation and regulation of the growth of the dental trigeminal axons Thesleff and Nieminen, 2001) . Our data show that although the Fgfr2 À/À dental mesenchyme condensated, it did not develop histologically and molecularly normally. Moreover, the determination of the odontoblastic cell lineage and subsequent formation of the dentin-odontoblast target area failed as demonstrated by the absence of preodontoblasts and the odontoblast cell lineage marker gene Sema7A from the Fgfr2b À/À dental mesenchyme. This indicates that epithelial signaling to the dental mesenchyme did not work properly and that this contributed to the impaired nerve fiber patterning and morphogenesis. That no apparent changes in the Sema3A expression domains in the Fgfr2b À/À mandibular and dental mesenchyme during the earliest stages of tooth formation at E10.5-E12.5 were observed, suggest that signaling from the dental epithelium apparently mediated by Wnt4 present in the Fgfr2b À/À tooth controlled Sema3A normally. In contrast, the absence of Fgf4 and Tgfb1 in the Fgfr2b À/À tooth showed apparent correlation to the lack of Sema3A in the dental mesenchyme at the bud and cap stages. Epithelial Fgf4 stimulates mesenchymal cell proliferation and Tgfb1 expression in the dental mesenchyme (Aberg et al., 2004; Jernvall et al., 1994; Kettunen et al., 2005) . Tgfb1, which is first expressed at the tip of the dental epithelium at the late bud stage and later in both tissue components of the cap stage tooth, stimulates mesenchymal Sema3A and cell proliferation . Our tissue culture experiments showed that Tgfb1 stimulated prominent de novo Sema3A expression in the E12.5 wild-type and Fgfr2b À/À dental mesenchymes whereas Fgf4 induced Tgfb1. Thus, besides apparently contributing to the abnormal morphogenesis the absence of Fgf4 and Tgfb1 is proposed to underlie the failure of the dental mesenchyme to express Sema3A and the mesenchymal dental follicle, which normally express Sema3A as well as dental follicle target field to develop. The finding that Fgf4 did not induce Sema3A in the dental mesenchyme is in line with our earlier results showing that Fgf8 and À9 failed to stimulate Sema3A . Fgf signaling and Sema3A are known to serve opposing effects on the growth cone. Fgf signaling promotes axon growth and branching while Sema3A prevents it (Dent et al., 2004; Irving et al., 2002) . This suggests that there exist inhibitory mechanisms in the developing tooth such as Sprouty-family molecules (Klein et al., 2006) , which prevent Fgf signaling to stimulate Sema3A directly and coordinate the possible opposing effects of these signals on dental axon growth.
A model for Fgfr2b mediated reciprocal epithelialmesenchymal interactions coordinating tooth morphogenesis and axonal patterning
Although it is well established that tooth formation is regulated by continuous sequential and reciprocal epithelial-mesenchymal interactions it has not been shown that they are involved in regulation of tooth innervation. Based on our present data regarding the functions of Fgfr2b and the earlier results regarding Fgf signaling and Sema3A regulation in dental tissues (Aberg et al., 2004; Kettunen et al., , 2000 Kettunen et al., 2005; Kratochwil et al., 2002) we propose a model for a molecular network where Fgfr2b mediated reciprocal signaling between dental tissues controls dental trigeminal axon patterning and tooth morphogenesis (see Fig. 7 ). In this model mesenchymal Fgf10 signaling stimulates dental epithelial cell proliferation through interaction with the epithelial Fgfr2b, which, apparently as a result of this mesenchymal Fgf signaling, controls Fgf3 and À4 expression in the Pek. Fgf4, besides stimulating epithelial and mesenchymal cell proliferation, induces Tgfb1, apparently first in the epithelium and subsequently in the dental mesenchyme. Tgfb1 stimulates Sema3A in the exclusion areas, i.e. condensed dental mesenchyme of the bud stage tooth germ, in the dental papilla and follicle of the cap stage tooth germ, as well as stimulate mesenchymal cell proliferation. In addition, Fgfr2b mediated signaling controls the formation of the dental follicle and the adjacent dental follicle target field area. Epithelial Fgf4 induces Fgf3, which in turn signals back to the epithelium, and stimulates epithelial proliferation, Shh and possible Fgf4 expression as well as its own expression in the Pek through Fgfr2b. This suggests that the Pek expressed Fgf3 and À4, and dental mesenchyme expressed Fgf3 and À10 signaling forms a positive feedback loop between epithelial and mesenchymal tissue components.
Axon guidance and patterning of tooth trigeminal sensory innervation are tightly spatio-temporally coordinated with advancing tooth morphogenesis (Hildebrand et al., 1995; Luukko et al., 2005) . Here we provide data, which suggest that Fgfr2b by mediating local reciprocal epithelial-mesenchymal interactions and thereby controlling tooth morphogenesis and trigeminal axon navigation coordinates tooth formation and dental trigeminal axon patterning. This provides genetic support for the model that the integration of the local, axon growth controlling signaling pathways to larger, odontogenic signaling networks constitutes a central mechanism to coordinate sensory axon navigation and patterning spatiotemporally with tooth formation.
Materials and methods
Preparation of tissues
Animal use was approved by the Department of Biomedicine in the Medical Faculty at the University of Bergen under the surveillance of the Norwegian Animal Research Authority. Fgfr2b null mice were generated as described earlier (De Moerlooze et al., 2000) . The transgenic and NMRI mice (Mus musculus) were mated overnight and the appearance of the vaginal plug was taken as day E0.5 of embryogenesis. The age of the embryos was further confirmed by morphological criteria according to (Theiler, 1989) . Tissues were processed further for different analyses as described earlier Luukko et al., 1996) . Photomicrography and processing of the images were performed as described .
Antibodies and immunohistochemistry
To detect nerve fibers and Lanr (p75 nerve growth factor receptor) in paraffin sections, immunohistochemistry with rabbit polyclonal anti-peripherin and anti-p75 (Chemicon International, CA, USA) (1:150 dilution) was carried out using the Vectastain pK4001 kit (Vector Laboratories Inc., Burlingame, CA) according to the manufacturer's instructions as described earlier (Loes et al., 2002; Luukko et al., 1996) . The nerve fibers were localized from the serial paraffin sections. Negative control sections were incubated with normal rabbit serum instead of the primary antibody. No specific immunoreactivity was detected. Fig. 7 . Schematic model for the Fgfr2b mediated reciprocal epithelial-mesenchymal signaling coordinating dental trigeminal axon growth and tooth morphogenesis. The image illustrates the first mandibular molar around at the early cap stage. See Section 3 for the explanation. Blue arrow indicates proliferative signaling from the dental mesenchyme to the epithelium. This model also predicts that epithelial and mesenchymal Fgfs act in a positive feedback loop (green color) to control tooth innervation and morphogenesis.
4.3. In situ hybridization, cell proliferation assay and tunel-staining cDNAs, preparation of 35 S-UTP-labeled RNA probes, in situ hybridization and image analysis have been described previously Kettunen et al., , 2000 Kettunen et al., , 2005 Luukko et al., 1996) . Details of probes are available upon request. In sections hybridized with corresponding sense probes, no specific hybridization signals were detected. Cell proliferation was analyzed by BrdU incorporation and apoptotic cells by Tunel method as described earlier Luukko et al., 1998) .
Image quantification and three-dimensional reconstruction
Three-dimensional (3D) computer reconstructions of the E14 wild-type and Fgfr2b
À/À dental epithelia were generated from one hundred 7 lm serial frontal sections as described (Luukko et al., 2003) . The volume of the epithelium was calculated by counting pixels (pixel size 0.74 · 0.74 lm) within the outlined basement membrane and oral epithelium in the original microscopy images.
Tissue culture, recombinant proteins and cell lines
Tissue cultures were performed as described in . Explants shown are representatives of at least three independent experiments. At least six explants of each experimental setup were analyzed. Agarose (Bio-Rad) and heparin acrylic (Sigma) were used. Beads were incubated in recombinant human FGF4 (50 or 100 lg/ml) and TGFb1 (50 lg/ml) (R&D Systems, Minneapolis, MN), or in BSA (1 mg/ml). The experiments with positive stimulation results served as positive controls to confirm the activity of the proteins used .
Ganglion explant cultures
Trigeminal ganglia were cultured as described earlier (Luukko et al., 1998) . Human recombinant b-NGF, BDNF, NT3, NT4, GDNF and NTN (PeproTech, London, England) proteins were applied at concentrations of 5, 10 and 25 ng/ml. No neurite outgrowth was seen from ganglia cultured in the absence of growth factors.
